Abstract: Utilization of software-defined radio (SDR) and open-source technologies in the next evolution of cellular communication networks may significantly reduce the capital expenditure (CAPEX) and operating expenditure (OPEX) of mobile network operators in emerging economies. In this paper, a novel cellular communication architecture named NomadicBTS was proposed, designed, and prototyped based on SDR paradigm to achieve an efficient, dynamic, and cost-effective wireless communication. The architecture comprises of hardware front-end and software that are compatible with general-purpose processor. Open-source technologies were adopted to implement a proof-of-concept architype of the architecture. A prototype femtocell (of approximately 7.54-m cell radius) was set up and two different commercially available smart phones were used to scan, detect, and measure the strength and quality of radio signals that were transmitted by the NomadicBTS prototype. Experimentation results showed that the network signal is visible to the smart phones, and its strength and quality are sufficient for good 
PUBLIC INTEREST STATEMENT
With the conventional cellular communication networks, the cost of deploying and running mobile applications and services in most developing countries is relatively high and unaffordable. However, Software-defined radio (SDR) architecture offers an effective and efficient platform for mobile network operators to achieve backward compatibility of legacy digital mobile standards (2G/2.5G) with state-of-the-art (3G/ 4G) and emerging standards (5G) at a very low capital expenditure (CAPEX) and operating expenditure (OPEX). In this work, open-source technologies were adopted to implement a proof-of-concept prototype of the SDR architecture named NomadicBTS. The results of the tests conducted on the prototype proved that the architecture can be leveraged on to develop and deploy low-cost cellular communication networks for the underserved areas in emerging economies.
Introduction
The evolution of wireless communication technologies is rapid and the number of mobile devices, applications, and services is growing in an unprecedented dimension (Andrews et al., 2014; Boccardi, Heath, Lozano, Marzetta, & Popovski, 2014; Kumar, Liu, & Sengupta, 2010; PedrenoManresa, Khodashenas, Siddiqui, & Pavon-Marino, 2018) . The evolution of wireless cellular communication started with the first-generation (1G) cellular technology. The analogue system utilizes frequency division multiplexing (FDM) and circuit switching for its operations. However, the power consumed by the system is large while the quality of calls is low (del Peral-Rosado, Raulefs, López-Salcedo, & Seco-Granados, 2017) . The introduction of the Global System for Mobile communications (GSM) standards marked the birth of the second-generation (2G) technology. GSM technology adopted a simplified encryption to overcome the security challenge of eavesdropping in 1G cellular systems (Kune, Koelndorfer, Hopper, & Kim, 2012) . Furthermore, the third-generation (3G) technology improved the voice quality with better Quality of Service (QoS) delivered at a data rate of 2 Mbps (Honkasalo, Pehkonen, NieMi, & Leino, 2002) . Continuous demand for enhanced data rate by mobile users led to the development of the fourth-generation (4G) networks which feature higher data rate of 50-100 Mbps and Internet Protocol (IP) capability (Akyildiz, Gutierrez-Estevez, & Reyes, 2010) .
The introduction of the fifth-generation (5G) mobile networks has become irrefutably essential in meeting the global mobile data traffic of the future. Also, backward compatibility of 5G networks becomes highly imperative, given the fact that GSM has been acclaimed as the most successful wireless standard in the world with an extensive coverage of above 90% of the global population (Gerstacker et al., 2011) . In order to achieve backward compatibility of legacy digital mobile standards (2G/2.5G) with state-of-the-art (3G/4G) and emerging standards (5G) at a very low cost, the software-defined radio (SDR) architecture becomes very handy.
SDR is a modern radio engineering approach in which components that were hitherto implemented in hardware are now implemented using software on an embedded platform such as Field Programmable Gate Array (FPGA) or Personal Computer (PC) (Jondral, 2005) . With SDR, it is now possible to have malleable reconfiguration of wireless systems with attributes such as efficient spectrum access, rapid development, inexpensive implementation, easy upgradeability, high flexibility, enhanced Radio Frequency (RF) signal analysis and inter-operability among heterogeneous wireless standards (Thompson, Clem, Renninger, & Loos, 2012) . Modern hardware and software platforms have been developed for rapid prototyping based on the SDR architecture. A leading example of such platforms for open-source software development is the GNU Radio (Reyes, Subramaniam, Kaabouch, & Hu, 2016) . Different versions of Universal Software Radio Peripheral (USRP) are major hardware platforms for SDR (Akhtyamov et al., 2016) . With the combination of these evolving technologies, complete SDR implementations of different wireless standards from 2G to 5G can be achieved. However in the past, it was mandatory to carry out hardware design of separate custom-built radios for different standards, which could be large and expensive. Nowadays, a single versatile SDR hardware can be modified to carry out multiple functions depending on the code it is running at a comparatively low cost.
Several efforts by researchers have led to the development of wireless systems based on the SDR paradigm. The Speakeasy Multiband Multimode Radio (MBMMR) appeared in the mid-1990s. The military radio systems incorporated software for controlling most of the signal processing in digital format. This radio system made it possible for a single set of hardware to work seamlessly on different frequencies and communications protocols. Speakeasy provided several benefits to the military environment where communication to different command levels and at different ranges may require different RF bands, modulation schemes, vocoders, and encryption algorithms (Lackey & Upmal, 1995) . Maheshwarappa and Bridges (2014) proposed an SDR architecture that incorporated a combination of FPGA and field programmable RF transceiver for back-end and front-end signal processing thereby facilitating the reception of multiple satellites with one user equipment.
In this paper, a novel cellular communication architecture, known as Nomadic Base Transceiver Station (NomadicBTS), was proposed, designed, and prototyped based on SDR paradigm to achieve an efficient, dynamic, and cost-effective wireless communication. The architecture comprises of hardware front-end and software that are compatible with general-purpose processor. Opensource technologies were adopted to implement a proof-of-concept architype of the architecture. The rest of the paper is organized as follows. Section 2 presents the materials and methods. Section 3 presents the results and discussion. Finally, Section 4 concludes the paper. The SDR hardware front-end comprises of the receiver and the transmitter stages for RF signal processing. At the receiver stage, the signal at the receiving antenna is forwarded to the Low Noise Amplifier (LNA) via a duplexer. The RF signal is translated to an Intermediate Frequency (IF), which is then digitized by the Analog-to-Digital Converter (ADC). Decoding, data rate conversion, timing, and various access schemes are carried out by the FPGA. At the transmitter stage, the digital signals are converted to analogue waveforms by the Digital-to-Analogue Converter (DAC), upconverted from IF to RF, amplified through the Power Amplifier (PA), and routed via the duplexer to the antenna. The hardware front-end of the SDR can be realized with any of the commercially available options which include HackRF, BladeRF, Ettus USRP, Matchstiq, and ZeptoSDR (Maheshwarappa & Bridges, 2014) . In this work, the Ettus USRP B200 was used to realize the SDR front-end because of its admirable features (Ettus, 2008) .
Materials and methods

NomadicBTS architecture
The SDR software back-end comprises of the Soft Base Station Subsystem (SoftBSS) and the Voice over Internet Protocol Private Automatic Branch Exchange (VoIP PABX) software running on a single-board embedded computer or PC with an Operating System (OS). The SoftBSS provides the necessary interconnection between the SDR front-end hardware and the VoIP PABX. SoftBSS implements a software transceiver which performs functions such as frequency tuning, Gaussian Minimum Shift Keying (GMSK) modulation and demodulation, clock synchronization, control command transaction as well as transmission of receive and transmit bursts. It also implements the Session Initiation Protocol (SIP) mapping functions in order to establish SIP connections for processing by the VoIP PABX. For instance, the International Mobile Subscriber Identity (IMSI) stored on the Subscriber Identity Module (SIM) card of a Mobile Station (MS), which is the end-user phone, is presented to the VoIP PABX as an SIP client. The location of the MS is mapped to SIP registration, call connection is mapped to SIP transactions, while Short Message Services (SMS) function is realized through instant messaging extension to SIP (Apvrille, 2011) . The SoftBSS, as shown in Figure 1 , also contains a Graphical User Interface (GUI) to provide access for configuring the NomadicBTS by technical administrator in a user-friendly manner. As a proof of concept, the SoftBSS was realized, in this present study, using a combination of open-source technologies such as Ubuntu Linux, OpenBTS and GNU Radio (Burgess & Samra, 2008; Reyes et al., 2016) .
As illustrated in Figure 1 , the VoIP PABX carries out functions like call control and mobility management. It also implements voice mail server and VoIP gateway. The VoIP gateway provides interconnection to the PSTN and to the traditional GSM network using SIP and Real-time Transport Protocol (RTP) via an Internet Telephony Service Gateway (ITSG). In this study, the VoIP PABX section of the NomadicBTS architecture was realized using Asterisk, which is a leading software VoIP PABX (Imran, Qadeer, & Khan, 2009 ).
NomadicBTS prototype setup
The NomadicBTS experimental prototype cell setup is shown in Figure 2 . At this stage of the study, the prototype cell was not linked with the traditional GSM network. The USRP B200 adopted for the SDR hardware front-end covers 50 MHz to 6 GHz frequency range, which falls within the microwave portion of the RF spectrum as shown in Figure 3 . Apparently, the USRP B200 can adequately operate within the GSM 900 and GSM 1800 bands. The device provides interfaces for two dualband VERT900 antennas with 824-960 MHz and 1710-1990 MHz frequency bands. The technical specifications of the device as related to this study are presented in Table 1 . The device can stream up to 56 MHz of instantaneous data bandwidth over a high-speed USB 3.0 bus operating at 4.8 Gbps full duplex to the host PC. The RF/IF signal processing tasks on the device are carried out by the AD9364 Radio Frequency Integrated Circuit (RFIC), which is a direct conversion transceiver along with the Spartan 6 FGPA. The host PC shown in Figure 2 
Results and discussions
In this section, the results obtained from the various tests carried out on the USRP B200 hardware module are presented. The module was tuned to the licensed GSM 900 and GSM 1800 bands in Nigeria in order to verify its capability for real-time signal transmission and reception. The radius of the prototype cell was computed using the measured signal strengths. Furthermore, the connections of smart GSM phones (test phones) to the prototype cell were verified and the intercommunication between the phones is reported based on SMS transmission and reception capabilities.
USRP B200 testing
After installing the UHD software on the host PC in Windows 8 OS, different tests were carried out on the USRP B200 module. Firstly, to ensure that the device is recognized by the host PC and obtain the default configurations of the device, appropriate UHD commands were invoked. The results presented in Figure 4 show that the host PC recognized the module, the serial number of F5FF55, the receiver and transmitter frequency range of 50 MHz to 6 GHz, and host of other parameters.
Next, latency, coercion and benchmark tests were carried out. Latency test receives a packet at time t and tries to send a packet at time t + rtt, where rtt is the round trip time from device to the host PC and back to the device. Figure 5 shows the outcome of the latency test on the USRP B200 module. All the packets sent were acknowledged (ACK = 1000) and the underflows as well as the errors were both equal to zero. These parameters are indications of good interface latency of the USRP module.
The coercion test was carried out using appropriate UHD command to ensure that the USRP B200 daughter boards can successfully tune to all specified frequencies and gains. The outputs of the test are shown in Figure 6 . These outputs indicate that both the transmitter (Tx) and the receiver (Rx) sections of the device can operate within the specified frequency range of 50 MHz to 6 GHz. Thus, the device is considered suitable for both GSM 900 and GSM 1800, which operate at 900 MHz and 1.8 GHz, respectively. Furthermore, benchmark test, which involves the use of appropriate UHD command to obtain the throughput capability of the host PC with the USRP B200 device, was carried out. The result of the test is shown in Figure 7 . The output comprises of the number of sent frames, overflows, dropped frames, received frames, sequence errors, and underflows detected. The result showed that the "transmit" and the "receive" components of the device are working optimally. Therefore based on the foregoing tests, the USRP B200 is considered satisfactorily adequate for implementing the hardware front-end of the NomadicBTS architecture in Figure 1. 
GSM spectrum view
The USRPB200 device was further validated in this study by investigating its signal reception capability from neighbouring licensed base stations. This is to ensure that the module can successfully process real-time RF signals. A spectrum browser flow graph in GNU Radio Companion (GRC) was used to accomplish this task on an Ubuntu Linux 16.04LTS OS. This investigation was conducted at the downlink frequencies. In Nigeria, the downlink frequency ranges of the licensed operators by the Nigeria Communication Commission (NCC) in the 900 bands as at the time of this study are as follows: Etisalat (935-940 MHz), MTel (940-945 MHz), Globacom (945- (b)). In Figure 8 (b), the band 945-948 MHz, which corresponds to the Globacom spectrum, is also very active. Figure 9 shows the spectrum of (a) 947-955 MHz and (b) 952-960 MHz bands obtained from the spectrum browser. In Figure 9 (a), the region from 950 to 955 MHz, which is the MTN band, is conspicuously active with traffic. Similarly, the region from 955 to 960 MHz, which is the Airtel band, is also active with traffic. These results imply that out of the five licensed operators in the GSM 900 band in Nigeria, only MTel does not have installed BTS in the proximity of the laboratory where this study was carried out. In addition, the results provide a basis to utilize the USRP B200 along with the PC running the SDR software for a prototype NomadicBTS cell site in this study.
Signal strength measurement and determination of cell radius
The signal strength of the NomadicBTS prototype cell that was set up in a laboratory was measured using the Network Signal Info Pro tool. This software is a signal strength measurement mobile app. The prototype cell was configured to operate at the 900 MHz band using an Absolute Radio Frequency Channel Number (ARFCN) of 1. The signal strength measurement was used to determine how seamless the mobile device can connect to the NomadicBTS prototype cell in the context of this study. Signal strength was represented with Received Signal Strength Indicator (RSSI) measured in dBm in Network Signal Info Pro. Arbitrary Strength Unit (ASU)-an integer value that is proportional to RSSI was also used to present the signal strength alongside the RSSI by Network Signal Info Pro. The interpretation of the ASU values is shown in Table 2 .
The signal strength obtained at an approximate distance of 30 cm from one of the test mobile phones (on which the Network Signal Info Pro app was installed) to the prototype cell in this study is shown in Figure 10 . The signal strength is −57 dBm with 28 asu. Based on the description of ASU in Table 2 , this is a perfect signal strength. Other relevant descriptions of the prototype cell are shown in Figure 10 .
Also, the signal strengths were measured at different locations within the vicinity of the prototype cell. The locations where the measurements were taken are indicated on the Google map shown in Figure 11 . The prototype cell for this study was setup at the South-Eastern end of the Electrical and Information Engineering (EIE) building at Covenant University, Ota, Nigeria (latitude 6.6718°N, longitude 3.1581°E). The signal strengths obtained are shown in Figure 11 . At the car park between the Civil Engineering and EIE buildings, the received signal strength (−101 dBm, 6 asu) was found to be normal while at the reception lobby of the EIE building, the received signal strength (−103 dBm, 5 asu) was found to be weak. However, the other locations where signals were measured presents good signal strengths as shown in Figure 11 . Adetiba et al., Cogent Engineering (2018 ), 5: 1507465 https://doi.org/10.1080 /23311916.2018 The radius of the prototype cell is computed as follows (Frattasi & Della Rosa, 2017) :
where Rc is the cell radius, r is the distance from the test mobile phone to the prototype cell site, and dBm represents the measured signal strength at r. Using the signal strength at approximately 30 cm from the prototype cell, which is −57 dBm, we have
Therefore, the approximate cell radius of our prototype cell is 7.54 m, which can be described as an approximate femtocell with potential for cellular communications within homes or offices (Elleithy & Rao, 2011) .
Testbed for mobile equipment connection to the prototype cell and SMS communication
The testbed for the NomadicBTS prototype cell for this study was set up within our laboratory and it has a radius of 7.54 m. This is a femtocell as established, and consequently, there is a negligible interference with active commercial traffic. As shown in Figure 12 , the two test phones used for this study are Window's phone NOKIA Lumia 530 and Android phone BLU DASH 5.0. The two Figure 10 . NomadicBTS signal measurement at close proximity (30 cm) with one of the test mobile phones using Network Signal Info Pro mobile app.
phones were able to detect all the licensed operators within the vicinity of the study location in agreement with the detected traffics. In addition, the test phones were also able to successfully establish connection to the prototype cell whose network ID is NomadicBTS as shown in Figure 12 .
The prototype cell was further tested by sending an SMS text with the BLU DASH as the sender with a subscriber ID of 0000655073322311152 and the NOKIA Lumia phone as the recipient with an ID 123456789. These subscriber IDs were configured on the NomadicBTS prototype cell. The successfully sent and received text messages are shown in Figure 13 . The current work provides a proof of concept and real-time implementation of the simulation work reported in (Adetiba et al., 2011) . In codicil, a prior study which prototyped a cellular network for rural areas using open-source technologies corroborates the feasibility of our approach as a Figure 11 . Google earth view of the NomadicBTS prototype cell location and the measured signal strengths. good alternative to the orthodox cellular networks (Anthony, Gabriel, & Shao, 2016) . Enhancement in signal propagation and coverage for the NomadicBTS prototype cell will, however, be achieved in the future through path loss modelling (Matthews, Osuoyah, Popoola, Adetiba, & Atayero, 2017; Popoola, Adetiba, Atayero, Faruk, & Calafate, 2018; Popoola et al., 2017; Surajudeen-Bakinde et al., 2018) .
The possible risk associated with the use of the proposed system is the health implications of electromagnetic radiations. Meanwhile, the operations of NomadicBTS are strictly limited to radio frequencies and the spectrum band is categorized as non-ionizing electromagnetic radiation (Calvente, Fernandez, Villalba, Olea, & Nunez, 2010; Repacholi, 1998) . The health effect of the energy produced by the non-ionizing electromagnetic radiation on human body is below what is obtainable at the atomic level. The design and implementation of NomadicBTS clearly conform to the guidelines provided by International Commission on Non-Ionizing Radiation Protection (ICNIRP) (Rüdiger et al., 2014) .
Conclusion
The architecture of NomadicBTS, which is an SDR-based cellular system and the prototype cell developed based on the architecture have been presented in this paper. We have been able to demonstrate the possibilities of evolving a cost effective cellular communication system with the results and the open-source technologies adopted for this work. Different tests were carried out to and satisfactory results were obtained to justify the choice of USRP B200 for implementing the hardware front-end of the NomadicBTS. In the future, we hope to incorporate other features such as voice and data communication, interconnection among multiple NomadicBTS, connection with existing GSM networks, surveys for path loss propagation modelling and implementation of the architecture for 3G/45/5G mobile technologies.
